Abstract: This paper has focused on the structural performance of recycled aggregate concrete (RAC) under both cyclic and monotonic loading. RAC specimens with different recycled coarse aggregate (RCA) replacement percentages of 0%, 25%, 50%, 75% and 100% were cast and tested. The compressive stress-strain relationship and the failure mode were investigated for each RCA replacement ratio. The effects of the RCA replacement percentage on the compressive mechanical properties of the RAC specimens including the strength, elastic modulus, peak strain, ultimate strain and Poisson's ratio were also studied. The RAC specimens have shown similar failure characteristics regardless of monotonic or cyclic loading. In addition, the compression skeleton curves of the RAC specimens under cyclic loading agree well with those under monotonic loading. Based on the experimental results, the characteristic points pertaining to the hysteresis loop were defined and their relations were established. Furthermore, the constitutive equations of the RAC as well as its simplified form were proposed and applied in numerical simulations of RAC columns and frames under cyclic loading. The proposed constitutive equations have shown promising accuracy in predicting the hysteresis performance of RAC on both component and structural levels.
Introduction
Along with rapid urbanization, a large amount of waste concrete has been generated due to the renovation or demolition of existing buildings. The waste concrete is usually abandoned in suburb areas, which occupies a lot of land and may heavily jeopardize the surrounding environment. The recycled aggregate concrete (RAC) technology has been recognized as an effective way to reuse the waste concrete [1] . The RAC is mainly composed of recycled coarse aggregate (RCA) and/or natural coarse aggregate (NCA), natural fine aggregate, water and cement binder. Compared to the natural coarse aggregate, the recycled coarse aggregate often has larger porosity, water absorption and may possess inner damage due to crushing processing of the waste concrete. Moreover, its surface is usually surrounded by the old mortar [2] . Therefore, the RAC may perform rather differently comparing to the normal concrete (NC).
The compressive mechanical properties of the RAC are crucial in structural design and analysis of the RAC components or structures, and have thus attracted much attention in recent decades. A number of researchers (e.g. Topçu et al. [3] , Xiao et al. [4] , Deng et al. [5] , Akbarnezhad et al. [6] and Martinez-Lage et al. [7] ) have experimentally investigated the mechanical properties of RAC specimens considering different RCA replacement percentages, and found that increasing the RCA replacement percentage will decrease the compressive strength and the elastic modulus of the RAC. In addition, Belén [8] stated that increasing the RCA replacement percentage results in the decrease of the Poisson's ratio but the increase of the peak and ultimate strain. On the contrary, Li [9] and Zhou et al [10] concluded that the Poisson's ratio of the RAC is close to or even higher than that of the NC. In addition to the above-mentioned studies, similar research works have been reported in references [11] [12] [13] [14] .
The above work reveals that in general the RCA has adverse effect on the mechanical properties of the RAC, e.g., reducing the strength and increasing the deformation. However, some researchers have drawn different conclusions. Laserna et al. [15] and Wang et al. [16] came to a conclusion that the RAC strength does not drop monotonously as the RCA replacement percentage increases. Rühl et al. [17] found that the RCA replacement percentage has little impact on the compressive strength.
Etxeberria et al. [18] , Manzi et al. [19] , Deng et al. [20] , Ho et al. [21] , Salesa et al. [22] and Zhou et 3 al. [10] even concluded that the compressive strength of RAC is similar or even higher than that of the NC. This phenomenon may be attributed to the higher water absorption of the RAC compared to the NC, which decreases the effective water-cement ratio of the concrete mixture and thus improve the interfacial bond between the aggregates and cement [10, 18] .
Apart from the compressive strength, the compressive stress-strain curves of the RAC have also been investigated. Bairagi and Kishore [23] conducted uniaxial compressive test of the RAC specimens to investigate the stress-strain relationship, and found that the curvature of the stress-strain curve gradually increases with the increase of the RCA replacement percentage, which results in decreased Young's modulus. Xiao et al. [4] , Li [9] , Deng et al. [20] , and Wang et al. [16] conducted similar experimental investigations on the complete stress-strain curves of the RAC, and concluded that the slope of the descending branch of the RAC stress-strain curve decreases as the RCA replacement percentage increases, indicating a significant decrease in the ductility of the concrete.
Other similar works can be seen in references [24] [25] [26] [27] .
Although considerable amount of researches have been conducted in investigating the mechanical properties of RAC, there is still no consensus about the impact of the RCA on the RAC.
Moreover, the previous work mainly focused on the strength or deformation characteristics of the RAC under monotonic loading, whereas little attention has been paid to its behavior under cyclic loading. Therefore, this paper is to present the experimental work the authors have conducted on the mechanical behavior of the RAC under cyclic compressive loading. Based on the test results, the constitutive equations of the RAC are proposed and then applied to the numerical analyses of the RAC structures subjected to cyclic loading.
Experimental program

Materials
Ordinary Portland cement with a 28d compressive strength of 32.5 MPa was used in this study.
The fine aggregates used were river sand. The coarse aggregates included the NCA and RCA, the latter of which were obtained by crushing the waste concrete specimens. According to reference [28] , the physical properties of the coarse aggregates were measured and shown in Table 1 . It can be seen that the bulk density and the apparent density of the RCA are considerably lower than that of the NCA while its water absorption is substantially higher, which can be attributed to the existence of the old mortar adhered around the RCA. In addition, the RCA has a much larger crush index than that of the 4 NCA, which can be explained by that the RCA has a rougher surface with more sharp corners caused by the crushing. Fig. 1 displays the grading curves of the NCA and RCA used in the test, as well as the lower and upper bound specified in reference [28] , showing that both of them are continuously graded and meet the code requirement. Fig. 1 Grading curves of the coarse aggregates used in the test
Preparation of specimens
A total of five groups of RAC specimens were taken into account, considering five different replacement percentages of the RCA, which are 0%, 25%, 50%, 75% and 100% respectively. In the case of 0% RCA replacement, the RAC turns to NC and serves as the reference concrete. Each group consists of six prism specimens with the size of 150mm  150mm  300mm and three cube specimens with the size of 150mm  150mm  150mm [29] . Among the six prism specimens, three were tested under cyclic compressive loading while the rest were tested under monotonic compressive loading.
The cube specimens were used to obtain the cubic compressive strength of the RAC.
The mix proportion of the RAC for the specimens is determined according to reference [1] . For all specimens, the water/cement (w/c) ratio was kept constant as 0.43. The mix proportions of the RAC are listed in Table 2 , where the number in the first column denotes the RCA replacement percentage. It is worth noting that the additional water is considered to account for the high water 5 absorption of the RCA. All mixing of the specimens was conducted under laboratory conditions and cured for 28 days. All the prism specimens were tested using the INSTRON electro-hydraulic servo test machine as shown in Fig. 2 . The axial force acted on the specimen was obtained by the force transducer, and the longitudinal and transverse displacements were measured using the displacement sensor. For the monotonic test, the displacement loading rate was kept as 0.02mm/s, corresponding to a strain rate of 6710 -6 /s. For the cyclic test, the load was applied for a number of cycles up to the failure of specimens, and the maximum strain at each cycle increases by about 110 -3 . For each cycle, the specimen was first loaded with the strain rate of 6710 -6 /s and then unloaded at the rate of 10 kN/s until zero. 6 
Test results
Failure characteristics
For the monotonic test, there was no visible crack on the specimen surface in the early stage of loading. With the increase of loading, longitudinal micro-cracks appeared on the specimen surface, and then gradually developed into inclined cracks. After reaching the peak stress, the inclined cracks increasingly developed longer and wider until the specimen was ultimately crushed. For the cyclic test, similar failure modes were observed, except that under a loading cycle, the cracks opened under loading and then closed gradually when unloading, as shown in Fig. 3 . However, the cracks did not close completely when unloaded due to the interlocking effect of coarse aggregates.
(a) Loading (b) Unloading Fig. 3 The observation of the RAC specimen under cyclic loading
The failure characteristics of the RAC and NC specimens under monotonic or cyclic loading were found to be similar, i.e., they were all ultimately crushed with diagonal fractures on the surface.
However, as seen in Fig. 4 , small inclined cracks were widely developed only on the surface of the RAC specimens; on the contrast, one main inclined crack appeared on the surface of the NC specimen. In addition, the inclination angle of the main crack on the surface of the RAC specimen with respect to the longitudinal axis was generally larger than that of the NC specimen.
The above phenomena can be explained by looking into the mesoscopic structure of the concrete.
As is well known, concrete consists of three components: coarse aggregate, hardened cement paste and interfacial transition zone (ITZ) between the former two parts. The ITZs is usually the weakest region in the concrete and the cracks always develop along the ITZs [30] . Different from the NC, the RAC possesses two types of ITZs including original ITZs between the NCA and adhered mortar and new ITZs between the RCA and the mortar. Compared to the original ITZs, the new ITZs is more susceptible to fragmentation [31] . Therefore, more secondary cracks develop on the surface of the 7 RAC. Moreover, the ITZs weaken the aggregate interlock capacity of the RAC, which leads to larger inclination angle of the main crack on the surface of the RAC. 
Stress-strain curves
Based on the tests, the axial force vs. displacement curves of the RAC specimens were obtained and can be converted into the stress-strain curves by
where, r  and r  are the strain and stress of the RAC respectively; N and l  represent the axial force and displacement respectively; A and l are the cross-sectional area and length of the specimen. In addition, it is worth noting that for each hysteresis loop under cyclic loading the average slope of both the unloading and reloading branches decreases with the increase of the maximum strain. It can be attributed to the development of damage resulted from the growth of internal micro-cracks in the specimens.
Effect of the RCA replacement percentage
The skeleton curves of the RAC specimens under cyclic loading for different replacement percentage of the RCA are plotted in Fig. 6 . It can be seen that all curves are nearly consistent when the stress is smaller than 16MPa, indicating that the RCA replacement percentage has little effect on the ascending branch of the skeleton curves, in particular in the elastic range. However, after elastic range, obvious difference can be observed among these curves in terms of the peak stress and the slope of the descending branch. It exhibits no consistent relation between the RCA replacement percentage and the peak stress or the slope of the descending branch. However, similar to the NC, the 9 slope of the descending branch of the RAC decreases as the peak stress increases, implying larger post-peak deformation at the same stress level. Moreover, it can be found that when the RCA replacement percentage is less than 50%, the compressive strength decreases with the increase of the RCA replacement. However, when the RCA replacement percentage is higher than 50%, the compressive strength increases with the increase of the RCA replacement percentage. It shows no monotonous relation between the strength and the RCA replacement percentage, which was also reported in reference [16] . It may be attributed to the experimental randomness or the complex interaction mechanism between the RCA and NCA, which needs to be further investigated on the mesoscopic level by numerical analysis or experiments in the future study. 
where 1  is the stress corresponding to a strain of 0.005%, 2  is the stress corresponding to 40% of the peak stress, and 2  is the strain at the stress level 2  [4]. 
Typical hysteresis curves
To facilitate the establishment of the constitutive equations of the RAC under cyclic loading, the dimensionless stress-strain curves of the RAC specimens, as shown in Fig. 9 , are obtained by
In the following sections, the stress and strain of the RAC are both in the dimensionless form unless otherwise specified. 
Residual point
As observed in Fig. 10 , when unloading occurs before the peak point, i.e., xu<1, the unloading curve is approximately linear and intersects the horizontal axis with small residual strain. However, for xu>1, as xu increases, both the xr and the curvature of the unloading curve will increase.
Assuming that xr and xu can be approximated by the following equation:
where a and b are both parameters to be determined. Based on the experimental results, the values of a and b (listed in 
Common point
The common point is defined as the intersection between the unloading curve and the reloading curve. As seen in Fig. 10 , the strain of common point xc increases with the increase of the unloading strain xu. It is assumed that xc and xu have the following linear relationship:
where c and d are both parameters to be determined. Table 4 has listed the values of c and d obtained using regression analysis on the experimental data. Again, an average value of 0.997 has been adopted for c due to its little variation with the increase of r. 
End point
As shown in Fig. 10 , while increasing the unloading strain xu, the end point has demonstrated similar trend as the residual point. Assuming xe and xu meet the following relationship:
where m and n are both parameters to be determined using regression analysis of the experimental data (shown in Table 5 ).
14 
Skeleton curves
As shown in Fig. 5 , RAC specimens have demonstrated similar shapes of skeleton curves under cyclic loading compared to the stress-strain curves under monotonic loading. Therefore, the analytical model of the stress-strain relationship of the RAC under monotonic loading, initially proposed by Guo [32] and later extended by Xiao et al. [4] , is adopted in this study to describe the skeleton curve of the RAC under cyclic loading:
where p and q are parameters to be determined using experimental method. Based on the experimental data obtained in this study, the relationship among p, q and r can be established as follows: 
Unloading curves
According to the characteristics of the unloading curves obtained through experiments, it is assumed that the unloading curve follows the analytical expression given in Eq. (9) 
where mu and nu are determined using the experimental data obtained in this research:
where xr is the residual strain.
Reloading curves
As shown in Fig. 10 , a reloading curve can be divided into two branches, one connecting the 
where mr=1.0 and nr=1.52 were determined using the experimental data.
It is worth noting that Eq. (11) is only applicable to the cases of complete unloading, i.e., the stress is unloaded to zero. For partial unloading (as shown in Fig. 11) , a similar analytical expression may be used alternatively as follows: 
where mpr and npr are parameters to be determined using experimental methods; xpr and ypr are the strain and stress corresponding to the point where the partial unloading ends. 
Verifications of the constitutive equations
Eqs. (4) - (11) form the complete constitutive model of the RAC under cyclic compressive loading, which takes into account the effect of the RCA replacement percentage. Therefore, the constitutive model could also be applied to the NC, by setting the RCA replacement percentage as 16 zero. Using the proposed equations in this study, the stress-strain curves of the RAC specimens under cyclic loading were calculated and compared with the experimental results (as shown in Fig. 12 ).
Overall the predicted curves agree well with the experimental data, indicating that the proposed constitutive equations could well capture the mechanical behavior of the RAC specimens under cyclic loading. The experimental results obtained by other researchers [4, 5, 8] were also utilized to further validate the proposed constitutive equations. Fig. 13 compares the predicted and the experimental stress-strain curves of the RAC specimens with different RCA replacement ratios and under monotonic loading. Again, good agreement has been achieved. 
Simplification of constitutive equations
Although the constitutive equations have shown great accuracy, the equations of unloading and reloading curves, i.e., Eqs. (9) and (11) 
Eqs. (7) and (13) 
Applications of the proposed RAC constitutive model
Development of the UMAT subroutine
In Section 3, the constitutive relation of RAC under cyclic loading and its simplified form were proposed and validated based on experimental results. It can be seen that the simplified form is more appealing in finite element analysis of RAC structures especially for complex structures. Therefore, the simplified constitutive model is chosen to develop the UMAT subroutine for the RAC material in ABAQUS [35] . The tensile behavior of the RAC is not taken into account and the tensile stress is set to be zero. The column is simulated by one B31 element and axial cyclic displacement is applied at the top, as shown in Fig. 16a. Fig. 16b shows the computed stress-strain relationship extracted from one integral 20 point on the column, which agrees well with the constitutive relationship proposed in Section 3. 
Numerical analysis of RAC columns under cyclic loading
In this section, the developed UMAT subroutine is used to analyze RAC columns under cyclic loading. A total of four RAC column experiments have been adopted [36] . Fig. 17 and Fig. 18 have shown the test configurations of the RAC columns. The key mechanical properties of the columns are summarized in Table 6 , where fy, E and v are the yield strength, elastic modulus and Poisson's ratio of the rebar respectively. The columns were modelled using the B31 element. The rebar were modelled by editing the keywords in the ABAQUS input file, and an elastic perfectly-plastic material model was adopted.
Note that the effect of stirrups is not taken into account in this analysis. The lateral force-displacement hysteresis curves at the top of the columns are plotted in Fig. 19 . Overall, the computed curves agree 21 well with the experimental results. Compared to Specimen RCZ-0 and RCZ-100, the hysteresis curves of Specimen NCCC-1 and RCCC-2 exhibit more significant pinching effect due to their smaller slenderness ratios. This phenomenon is well predicted by the simulations. Therefore, it can be drawn that the proposed RAC constitutive model could well capture the hysteresis performance of the RAC on the component level. 
Numerical analysis of RAC frames under cyclic loading
The developed UMAT subroutine is further adopted to analyze RAC frames under cyclic loading. A total of two singe-storey and single-bay plane RAC frames (as shown in Fig. 20 ) under cyclic loading have been adopted [38] . The relevant mechanical properties are also summarized in Table 6 . (1) The RAC and NC specimens demonstrated similar failure characteristics under both monotonic and cyclic loading. However, compared to the NC specimen, more small inclined cracks were developed on the surface of the RAC specimens. Furthermore, the inclination angles of the cracks on the surface of the RAC specimens with respect to the longitudinal axis were larger.
(2) The skeleton curves of the stress-strain relationship of the RAC specimens under cyclic loading have shown similar shapes to the stress-strain curves of the RAC under monotonic loading.
However, with the increase of the RCA replacement percentage, the discrepancy tends to be larger.
(3) The proposed constitutive relation of the RAC under cyclic compressive loading has relatively high computational accuracy and can be reliably used to predict the hysteresis performance of the RAC at both component and structural levels.
